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• ABSTRACT

This Interim report reviews the progress at . the Naval Weapons Engine-
ering Support Activity In development of a mechanical reliability design

1- guide. Design evaluation techniques under consideration are included, wi th
emphasis on the preparation of a Failure Mode and Effec ts Analysis (FMEA )

• 

- 
Mil i t a ry  Standard. Existing FMEA procedures are examined and a FMEA
standard procedure is recomended as a basis for developi ng improved re—

- liability design evaluati on techniques .
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1. Introducti on •

• 
NAVWESA (ESA-li) has been tasked by NAVAIR (Air-340C) under Air Task

A3400000/184B/4F53-532-403 to analyze mechanical reliability prediction

techniques and to develop design evaluation procedures for advanced—

• development stage non-electroni c equipment . The ultimate objective of this
• research is publicati on of a mechanical reliability design guide which will

• . 
assist mechanical equipment designers in evaluati ng and veri fying equip-
ment reli ability on the drawing board.

To establ ish a basis for this development, ESA-116 Initiated a corn-
parati ve analysis of mechanic4~I reliability determination techniques in

FY76 to identi fy present design evaluation capabilities . Investigations

• were conducted in the fo l lowing areas: -

a. Reliability estimati ng and prediction techniques

(1) Accelerated testing

(2) Functional Reliabilit y Eval uation Techniques (FRET)
(3) Electric circuit analogy
(4) Sumation of failure rates

(5) Physics of failure
• 

• 
(6) ~egress ion analys i s

b. Failure Mode and Effects Analysis - (FMEA )

c. Equipment standardization approach for problem identi fication -

d. Mechanical system modeling
e. Test/validation methods

The FMEA surfaced as the most effective design evaluation technique

for early identifica tion of desi gn problems and the mos t promis ing base
:9  . from whi ch to develop further desi gn evalua tion techniques. In Section 3,

the val ue of the FMEA~ as a des i gn eval uation tool is addressed. The major
benefit of performing on FMEA early in the equipment desi gn process is to

provide an accurate means of predicting design-related failures to allow
low-cos t design modification and establish a realistic developmental tes t
program.

______________________________________ 
.1. ~~~~~~~
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2. Reliability Prediction .

The key to achieving cost effective mechanical sys tem reliability Is
found In advanced development where, because of the early point in time of 

•

the life cycle, engineering changes can be controlled and can be Incorporated

relatively inexpens i vely. .

One of the tools used by reliabil ty engineers In evalua t ing  design
Is mathematical modeling of proposed systems based on sun!nation of pre—

• dictable component failure rates. Quantitative estimates of reliability

permi t the comparison of alternate designs , the effects of desi gn changes
on equipment reliability , and the evaluat ion of equipment rel i ability in
relation to its system alloca tion. Reliability estimation is fairly ac—

curate for electronic equipment because confidence levels for electronic -

:~ component failure rates published in MIL —HDBK—2l7B are relatively hi gh.

For mechanical components, prediction of reliability is much more in-

voived because component failure rates are dependent to a large degree up-
on the des ign confi guration, equipment age, operational environment and
applicati on. Mechanical parts are usually not standardized because of the
need for special desi gns that often perform more than one function. There—
fore, developing valid part failure rates for mechanical components Is an
extremely difficult task. Those failure rates for mechanical equipment

• which have been published are usually based upon the exponential distribu—

tion and assume a constant failure rate . Thei r value for desi gn eva luation
purposes Is questionable.

Meaningful fai lure rates for mechanical con~onents wi l l not be avail-
able unless components are more standardi zed, failure modes and failure
cause s more throughly defined, and a data base es tablished. There is little
doubt about the feasibility of accurately evaluating reliability of non-

electronic sys tems , but a val id data base does not yet exist. Therefore, cur-
rent efforts for improvement and documentation of non-electronic reliability
eva lua t ion  tec hni ques a rc not based on sununation of component failure ra tes
but are intended to assist the desi gner in des i gn eva luation and correc ti on
of potential reliab ility problems very early in the developmen t phase.
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3. Failure Mode and Effects Anal~~is
In the advanced development stage , a thorough~ FMEA provi des valuab le

. assistance for the design team. Its results identi fy ,~ otential problems,
fu r ther testing requi rements, and required design modifi cations . The FMEA
may eva luate a system, subsys tem or component, and the interrel ationshi ps
of elements to determi ne the effects of potential fai lures on the sys tem
and the consequences of the fai lure modes on equipment performance.

The va lue of the FMEA as a des ign evaluation tool lies in Its potential
to:

a. Simplify a desi gn
- b. Improve materials selecti on

c. Identi fy potenti al hazards
d. Identi fy tes t progra m requi rements
e. Identi fy cri tica l items for desi gn review , Inspection

- and process control

f. Pinpoint unreliable areas for logistics consideration

FMEA procedures have been prepared by vayi ous agenci es and industri al
groups and each one gui des the user through an eval uati on of a design wi th
different requirements. In order to locate the most appropriate procedure
or combi nation thereof , the Naval Weapons Engineering Support Acti vi ty re-
v iewed the ex is t ing  FMEA bu l l e t ins , standards and adviso ry procedures . Re—
suit s of the investigati on provi ded a better unders tanding of the guidance
and doctri ne wi thin pri vate industry and the Department of Defense. The
followi ng procedures ~~re selected as germane.

a. SAE Aerospace Reconniended Practi ce , ARP 926, of 15 SEP 1967. “De—
sign Analysis Procedure for Failure Mode , Effects and Criticality Analysis
(FMECA)” . Society of Automotive Engineers , Inc. , 485 Lexington Ave., New
York , N.Y. 10017.

b. Mil itary Standard, MIL-STD-1629 (SiIIPS), of 1 NOV 1974. “Procedure

for Performing a Fai l ure (lode and Effect Analysis for Shipboard Equipment.”
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Comander, Naval Ship Engineering Center (COMNAVSEC), Department of the Navy ,
Center Bidg , Prince George ’s Center , Hyattsville , MD 20782.

C. EIA Reliabilit y Bulleti n No. 9 of NOV 1971. “Failure Mode and Ef—
• fect Analyses ”. Electroni c Industries Association , G—4l Coninittee on Re-
liability, Engineering Department 2001 Eye St., N.W. , Wash ington, D.C. 20006.

d. NASA FMEA Document No. AHB 5326-1 of MAR 1973. AMES Researc h Center—
National Aeronau tics and Space Administration , Moffett Field, CA 94035.

e. NAVAIR Preliminary Drafts, FMECA MJL-STD or Specification. Sourced

from AIR-340C (OCT 1976), AIR-5205 (AUG 19761 and NWESA-ll83 (OCT 1976).
A review of the above references suggests a need to maintain currency

and to standardize FMEA procedures for intra-DOD agencies and for Defense

Department contractor use. ARP 926 is now under revision and NASA is ori gi-

nati ng a new FMEA procedure.

In Section 4 of this report , it is emphasized that there are now in wide
H use at least two di fferent basic procedural approaches to the FMEA. For ex-

ample MIL-STD-1629 uses a “Top-down ” methodology in its deducti ve analysis
of shipboard equipment desi gn , whereas ARP 926 prescribes an inductive ana l-

• •- 
• ysis ,” from the “Bottom-up ”. A third approach combi nes the desirable aspects

of the first two. “Cr iti cal i ty Analys is ”, for instance , is app roached in
• depth in ARP 926, but with little emphasis in the forthcoming NASA document.

It is due to the above lack of industry—wi de standardization that authority

has been requested of the Defense Material Specifications and Standards Of—
f ice to generate a military-wide FMEA standard procedure publication. Ef-

forts will be coordinated with all appropriate sources in order fo generate
an effecti ve FMEA Military Standard.

4. FMEA Procedura l Considerations
Prepari ng a standard FMEA . documen t requires that each element of the

procedure. be coordinated wi th inheres ted act iv i t ies to ensure completeness

~~ 
•~ and contpatabiiity . The procedura l steps requi ring exami nation and defini-

tion Include :

a. Defi ne the sys tem and its requi rements
b. Establish a reliability model

P1
T

I
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c. Establi sh the assumptions and rules for performi ng the analysis
d. Identify failure modes and thei r effects

• e. Identi fy fai lure detecti on and isolati on methods
f. Evaluate cri ticality of the failure modes
g. Document the analysis

FMEA methodologies from various act ivi ties form a collective basis for
a universal mili tary procedure. The following paragraphs describe these

procedural steps and their variations .

• a. Define the system and its requirements

The first step in performing an FMEA is defining the system being
analyzed. A compl ete defi ni ti on of the product or sys tern includes its use ,

• performance expected, system restraints and failure defi nitions. Defi ning
the system and its requi rements is accomplished by breaki ng the system down
into Its major fi’nctiona l blocks and describing the function of each block
and the interfaces between the blocks.

Any syste,~, is desi gned for one or more operational modes and may be

active duri ng various times of the day or phases of a mi ssion. Defining
the sys tem and its requirements consists of fur~ctional narrati ves of the
sys tem’s operation for each operational mode or mission phase. It also
includes statements of primary and secondary objectives.

The amount of detail for this step will vary to a consi derable ex-
tent with system complexi ty, the number of indenture levels1’ wi thin the

• system and the uniqueness of the system function performed. The narra-
tive should contain as a minimum:

(1) System and element description of operation in each
operational mode or phase.

(2) Exp ’c ted ml s~. I on Li ilies arid equi ,mien t iii iii za t. ion.
c ’ (3) Operational and environmental stresses the system is

expected to encounter as well as stress limi ts.
(4) Func tions and outputs of each element including the per—

formance parameters and allowable limi ts for each specified
output.

(5) Condi tions which consti tute system and element failure .

(•t’

~~ 
1/” I nd~ntu ~~~ 1~ v~ 1” 1 n an FMFA refers toag roup of components wi thni a
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A proper defi nition is important in order to establish a meani ngful
purpose for conduct ing the FMEA. This step is particulari ly valuable dur-
ing exploratory and advanced devel opment since it enhances a thorough un-
derstandi ng of the sys tem and its anticipated envi ronment prior to begi n-
ning the actua l analysis. Existi ng FMEA procedures exhibi t some weakness
in the requi rements for this step of the procedure and could be strengthened
by incorporating some minimum requi rements similar to those mentioned above.

b. Establish rel i ability model

This step graphically displ ays the system elements to be analyzed ;

• the series and redundant relationshi ps among the elements ; and funct ional
Interdependencies between the system components so that the effects of a
functional fai lure can be trac ked through the ’ system. The model provi des
for analyzing the loss effects of any output and the fail ure relationships
among the system elements. A reliability block diagram must be prepared for

-
, each al ternative mode of operation . While each of the FMEA procedures speci-

fies a rel iabili ty model , obtaining desired resul ts can be a problem and
specifi c details of generating a reliability model are needed in the FMEA
procedure. The reliability block diagram should contain as a mininum:

• (1) A breakdown of the system or subsys tem into its major blocks
includi ng functional relationships.

(2) All inputs and outputs of each block and the inputs and out—
puts of the sys tem clearly labe led.

(3) Sys tem redundancies or other desi gn mea ns for preventi ng corn-
ponent malfunctions from affecting overall sys tem perfo rmance.

(4) Separate logic diagrams as required for each opera tional phase
or rnode.

c. Establish assuj~ption3 and rules for performing_~~_Ff1~A
Dependi ng upon the type equipment , its complexi ty, utilization, or

progress in development , severa l di fferent approache s are recommended by users

~ 

- -~~ of FMEA procedures . The basic concept of each of the approaches nevertheless
remains the same : To determi ne what items in an equipment can fail , the

modes of failure that are possible for each of these items , and the effec t
of each mode of failure on the complete equipment or lower indenture level.

.
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Two prima ry approaches to analysis methodology exist within the basi c
concept of an FMEA: “Top-down” (sometimes referred to as “Sys tem Technique”)
and “Bottom-up ” (because it starts at the “Parts level”).

(1) The Top-down app roach proceeds from the top indenture level (total

system or equipment) to successively lower levels. The Top-down analysis
usually iden ti fies non-desirable system functions as in a Fault-tree anal-

ysis , and the equ ipment is analyzed at the next lower indenture leve l to
identi fy any failure and associated fai lure mode which could result in the

• ori ginally identi fied failure effect. For each of these second—level failures
the process is repea ted by tracing back through the functiona l paths and re-
lationships to the next lower level . This process is repeated unti l the de—
sired end level is reached. The Top—down approach is generally preferred
when detailed defi ni tions are not yet available duri ng conceptual phases of

• 
- des i gn or when the system complexity is such that it is easier to list sys-

tem malfunctions as a starting point rather than listing components. The

Top— down method of analysis is event oriented and can easily include ex-
terna l i nfluences in the analysis such as the envi ronment and human error.
Thus it is a good technique for evaluating multiple failures.

(2) The parts-level approach is a Bottom-up technique identifying fail-

ure modes at the part leve l , and for each of the part failure modes the cor-
respondi ng effect on performance at the next hi gher indenture level is de-
termi ned. The resulting fai l ure effect becomes the failure mode at the next

• 
hi gher indenture level , and the failure effec ts of each fa il ure mode are

•~ ~ analyzed at this level. Successive, iterations result in the eventual iden-
tificati on of the failure effects at all functional levels up to the system 

-

or highest level. Parts level-up analysis is a hardwa re oriented , more

ri gorous technique for identifying all single failures . Many di f’rerent fail—
ure modes will relate to each ulti~mit~ end failure effect and this relation-
ship permi ts the grouping of various part fdi 1 ure m odes. r ue paris -level
approach is favored when all the components can be identi fi ed and the equi p-
ment is not so complex that the analysis becomes cumbersome .

ARP 926 commences the FMEA from the bottom-up. MIL—ST D- l629 prescri bes
a Top-down analysis. El ectronic Industries Associ Ation (EIA) Bulletin No. 9,
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• on the other hand , encourages either approach be used, dependent upon the
circumstances of the analysis. For-abb reviated reference; the following corn— -

parison emphasizes the contrast In the two techniques:
“Top—Down”

Event oriented. Identifi es higher level events or events subsequent
to fai lure.
Certain failure effects are easily analyzed.

• Failures wi th no effects are not considered.
Optimum technique for multi ple failures.

Considers externa l influences such as human error.
• Deductive in nature.

“Bottom-Up”
Rigorous technique for identifyi ng all single failures (component

• failure modes).

Hardware oriented . Identifies functional failures of components, sub-
sys tems or systems. -

Inducti ve in nature.

Neither approach can be considered the mos t appropri a te technique to
be used. The Top-dow n approach is much easier to manipulate than a parts
level analys is , but there Is a certai n probability that fai lure modes of
Indi vidual components can be overlookt~d, thereby raising serious questions
as to the value of the analysis. The FMEA procedures in existence provide
one or the other analytical techniques but individual equipment types and

situations di ctate which approach should be used. In some applica tions a

combination of the two approaches or a modi ficati on to one of the approaches
should be considered. The FMEA procedure should present guidelines for de-
cidi ng on a Top-dow n or Parts kvel— up approach .

: ‘
~~~

, In addition to determi ni ng wh ich ana lytica l technique should be used ,
). ~ other ground rules must be established prior to per formi ng the actual FMEA:
~, , :~ (1) The indenture leve l at which the analysis shoul d begin and

at which level it should end.
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• 
(2) - The environmental and operational stress limi ts to be

• 

• considered in the analysis.
(3) The’ worksheet forma t and the coding sys tem to be used

- - which will permi t the tracking of failure modes and causes
throughout the ana lysis.

(4) A definiti on of failure for system hardware or software
elements .

d. Identi fy Failure Modes and Thei r Effects
The procedures for identi fying failure modes and related failure

effects can be effectively employed only after adequate prel iminary pre-
paration has been conducted.

For each system component each potential failure mode and Its effect
on the system is analyzed. Where system definition has not reached down to
the piece part level , the system component will be an assembly. Where
sys tem hardware defi nition has not reached the stage of identifyi ng system
functions with speci fic hardware that will perfo rm these functions , the
FMEA should be based upon failure of the system functions. In this case,
the general type of hardware envisioned to be the basis for sys tem design

-• must be stated. Whatever the indenture level, being considered , the failure
modes for the particular system component are listed. Four modes of corn—
ponent or functional fai l ure typically considered include : -

(1) Premature operation

(2) Failure to operate at a prescribed time
(3) Failure to cease operation at a prescri bed time 

-

(4) Failure duri ng equipment opera tion
Other failure modes must be considered dependent upon the particular

component involved , the system application , mission time and the anticipated
envi ronment.

The FMEA assumnes~ that only the failure under considerati on has occured.
When safety or back-up devices exist this assumption should be broadened
to Include the failure condi tions which resul ted in the need for the back-up
func tion.

• Where the procedure is ini tiated as a bottom-up technique, the faflure
effects In the di rect functional chain to higher level s are dete rmined. It

--
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is also Important to Identi fy what happens to related elements In the same
functional level and the interactions that could result at lower level wi th-
in any of these related elements. Similarly where the ’fnItial procedure is

- Top-down, It is important to consider all of the higher level effects that
• could result from lower level failure modes Ini tially IdentifIed with a

particu la r  hi gher level fai lure effect. This is especially perti nent where
- an intermediate function feeds or couples directly to more than one higher

- 
- level function.

In some of the top-down FMEA’s reviewed, several of the undersirable

system level events were tracked down to an Intermediate Indenture level
— 

•
~~~ In such a way as to leave voids in continui ty. In completed analyses that

utilized a parts level-up approach, many of the component failure modes
we re not considered.

The FMEA procedure needs to provi de guidance for identi fying the in-.
denture levels at which the analysis should start and stop. Also, a list
of standard failure modes for components which should be considered by the
analyst would be extremely beneficial . Ul timately, the value of the anal-

I 
•

~ ys is remai ns dependent upon the analyst. FMEA procedures must be tailored
I 

• to specifi c needs and a cookbook approach is not recomended. General guide-
lines wi th minimum acceptable requi rements in the procedure would help pro-
vent an FMEA bei ng perfo rmed as an end to itsel f where form becomes more

-
~ important than content.

-
•. I e. Failure Detection and Isolation - 

•

To a large extent the abi lity of the equipment operator to detect

I a malfuncti on, the ability of the maintenance techni ci an to repair an item
wi thout introducing secondary failures , and the reaction time required to
insti tute correcti ve action determi ne the effects of a given fai lure mode
on the next hi gher indenture level . To be effecti ve an analysis nuist Identi —

~~~ 

-
~

- fy those critical items which give the operator identical Indications and
those cri tical items which present similar malfunction symptous to the

- 

- 

- 

maintenance technician.

-
~~~~~~~ I .

-

~~~~~~ I _ _ _ _ _
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(‘Th Ninimum requirements for consideri ng failure detecti on and repair need
to be derived for a DOD wide procedure. Generally these requirements should

• Include:
(1) The indication(s) of fai lure presented to the operator(s)

or maintenance personnel during use or checkout.
• (2) Controls or features of the equipment which eliminate or reduce

failure mode probability and/or the seriousness of the occurrence. In the
FMEA procedures to date, very little emphasis Is given to failure detection
and isolati on.

Because of the dependency of the FMEA upon maintenance philosophy, a
close relationship must exist between the maintenance analysis and the FMEA.

f. Evaluate Criticality o~ the Failure Modes
After failure modes and their effects are, identified, probabilities

• of occurrence must be considered. The most serious failure mode is not
general ly si gni ficant if its probability of occurrence is insigni ficant.
For this reason the criticality of a failure mode is usually considered to
reflect both the seri ousness of the malfunction and the probability that the
malfunction or undersired event will occur. This relationship permi ts a

• 

predetermi ned cri ticality threshold in order ‘to identi fy “critical” situations .
The design team conducti ng the analysis is in the best posi tion to

evaluate and rank the seriousness of the malfunction. The analyst has
descri bed the sys tem and developed the reliability models. If the equipment
Is electroni c, MIL-HDBK-217B can be used to determine the probability of a
malfunction or undesirable event occurring. However, i-f the equipment is
mechanical , quantitative predictions may not be possible since valid failure

~• •i rates for mechanical components are usually not available. In this case a
* - 

relati ve approxi mation may have to be assi gned by the analyst.
It is in the Cri ticality Analysis (CA ) that further differences ex Ist

In ncthodology among the publications referenced in this report. Cach addrcs-
• -

~~ ses- probabilities of failure mode occurrence ; how they are deri ved and used
will show di fferent approaches. ARP 926 uses generic failure rates specified

- - by the procuring activity . EIA Bulletin No. 9, beIng electronics industry-
oriented, quantifies mode frequency through fai lure rates derived from

• •~ MIL-HDBK-2l 7B, Rome Air Development Center (RADC) Reliability Notebook or
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Government—Industry Data Exchange Program (GIDEP) data. • MIL-STD—l629 largely

uses failure probability levels bas~d on contractor estimated quantitati ve

-failure mode probabilities.

After establishing probabiliti es of occurrence , the degree of cri tlcali-
— • ty is addressed. EJA Bulleti n No. 9 establishes the extent of degradation of

miss ion performance (“ critical” , “major”, “minor ”) along wi th desired cor-
rective action. MIL-STD-l629 establishes relative values for “Level of

• - 

- Severity” and “Failure Probability” for each mode. Based upon these, a

criticality matri x is used to provide relative cri ticality tabulation.
ARP 926 establishes a separate procedure for Cri ticality Analysis wherein
the critical failure modes are identi fied first. Then a “Criticality Number”
is calculated for the sys tem components havi ng cri tical failure modes . The
Criti cal ity Number ranks the relative impact of all part and assembly failure

modes according to the magni tude of the number.
While  i t  is desirable to have a quantitative ranking of criticality,

the cost of generating such numbers may be greater than the benefi ts deri ved
If the equipment is in the early design stages of development. A qualitati ve

- treatment which simply identifi es Individual ‘part failure modes in relation

to a spec i f i c system failure effect is suff icient where the objective is to
eliminate the occurrence of the particular failure effect.

g. Document the Analysis
For the FMEA to contribute meaningfully to the development process ,

conclusions which strongly lead to design improvements or further testing
must be clearly documented. Calculated probab ilities of a criticality anal—
ysis merely hel p to quanti fy and rank failure effects for further ana lysis ,

and the documentation effort is not comp lete until cri t ical components are - :
identi fi ed and the design is “debugged”. The important contribution of the

ii documented analysis to the (Jevelopulent program is the increased awa reness of
the, design group of the interact ion between factors that contri bute to mal—

functions and normal operati on. The group can then more effecti vely correct
any desi gn deficiencies .

Min imum requi rements for documenting the analysis need to be devised .

Generally these requi rements shoul d include :



-H

fl ( 1) Sys tem defi ni t ion

(2) Reli a b i l i t y  block diagram

(3) Assumptions and rules established for performing
the FMEA and CA

-
• (4) FMEA and CA worksheets • 

•

(5) List of cri t i cal i tems

(6) Conclusions and reconinendations

Section 4 has addressed procedural considerations In conducting an FMEA.
It Is intended to develop a service—wi de milita ry standard on the subject
which would provi de the base for development of a mechanical reliability
des ign evaluation guide. Contents of the guide will be structured to in—
d ude the FMEA as a design analysis tool and to opti mi ze results of the

FMEA as a design input.
The formulat ion of mathematical modeling techniques will requi re de-

velopment effort. Louisiana Tech University is presently determining the
feas ibility of using dimensional ana lysis techniques to aid the desi gner

In determi ning critical factors in reliability. The prelimi nary report is
Included as Appendix A. The realistic challenge of a design guide will
require addi tional supporti ve analytical research , as ~~ll as cooperati on

from agenci es, associations and individuals interes ted in concrete methods
of improving mechanical reliability through guidelines -for design analysis.

p
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ABSTRACT 
—

This report documents a study to determine the feasibility of

applying dimensiona l analysis to the prediction of mechanical reli-

abil ity. The study concludes that~dimens ional analysis is an essent ia l

tool for the development of empirical models for mechanical reliability .

As an example , dimensional analysis is applied to the prediction of

mean-time-to failure for involute splines . Advantages of dimensional

- analysis are enumerated.
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INTRODUCTION 
-

• In conjunction with research in “Analys is of Mechanical Rel i-

ability Prediction Techniques” being performed by the ‘Nava l Weapons
- Engineering Support-Activity (ESA—il), the ultimate goal of which Is

the publication of a mechanic al reliability design guide . Louisiana

Tech Univers ity has performed studies aimed at improving mechanical reli-

• ability estimation and prediction techniques.

The objective of the research on which this report is ~ased was
- 

to demonstrate that dimensional analysis is an essential tool for the

development of empirical mathematical models for mechanical reliability.

While dimensional analysis by itself cannot produce a mathematical model ,
• dimensional analysis reduces the quantity of data required and makes the

resulting model simpler and more general. Dimensional analysis also

simplifies the application of regression analysis in the development of

ma thematical models for mechanical reliability prediction . Furthermore,

the empirical approach using dimensiona l analysis does not require a

theoretical understand i ng of the inner working s of the phenomenon being

~~ j  modeled .

4

‘r .
-
~~

1

I H
4-.

.4



F” ~~~~ T_~-~~~ -- 
- 

--—
~~~~~~~~~~

‘
~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
- . -

~~~~
— ‘-‘

~~~
‘
~~
‘
~~~ 

_______

- 

DIMENSIONAL ANALYSIS 
-

Dimensiona l analysis has been used extensively In the fields of

convection heat transfer and fluid mechanics to reduce the - quantity of

experimental data and theoretical knowledge required for the develop-

ment of empirical mathematical models. Applications of dimensional

anal ysis may be found in almost every text on these subj ects. References

( l ) * and (2)  are examples of such texts. The application of dimension-

less groupings of variables produced by application of dimensiona l

analysis is used universally in developing empirical mathematical models

• 
(mathematical models based directly on experimental data rather than

theory) in the~se fields. Dimensionless groupings of variabl es such as

the Reynolds Number , Prandtl Number , friction factor , Mac h Number and
Nusselt Number are familiar to a~l who wor k in these areas.

Dimensional analysis has also been applied to electrical circuits

(3 , 4 , 5, 6), electromagnetics (4 , 7) , electronics (4) ,  mechanics (3 , 4,

7 , 8), stress analysis (3 , 4 , 5, 7), celestial mechanics (8), geology
(4), thermodynamics (3 , 4, 7), radiation heat transfer (4 , 5), and con-

duction heat transfer (3, 7).

Although the reduction in experimental data required and the el im-

ination of the need for detailed theoretical knowl edge of the inner

mechanisms of the phenomenon are exactly wha t is needed for mechanical

~ :~ •~ reliability, workers in the field of mechanica l reli ability seem to be

*Numbers in paren theses refer to an entry in the List of References .
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unaware of the tremendous potential of dimensional analysis. The only

applica tion of dimensional analysis to mechanical reliability that has

been found thus far is incomplete and was not used to exploit the advan-

tages of the method at all (9). Reference (10) cites as a guideline

for parameter selection in using regression analysis to predict reli-

ab ility of mechanical equipments , “meaningful parame ter comb inati ons

will be made so that the number of parameters can be reduced wi th little

or no information loss. ” No significant actual use of “parameter combi-

nati ons ” is reported in reference (10), however.

Principles of Dimensional Analysis - 
-

Dimens ional analysis is a tool that can be used along with data

to develo p an empi rical mathema ti ca l model of a phy s ical phenomenon .

The use of di mens ional anal ysis i s base d on “ . . . the s ingle p remi se

tha t the phenomenon can be descr ibed by a dimens iona lly correct equat ion
among certain variables. ” (7) It is important to note that we do not

have to be able to write the equation at the outset in order to apply

dimensiona l analysis. Indeed , if we were able to wr ite the equation

(mathematical model), we would not need to employ dimensional analysis.

We merely need the assurance that the physica l phenomenon cou ld.be

expressed by an equation . One of the main advantages of dimensiona l

analysis is the fact tha t dimensional analysis does not require tha t

we have a knowl edge of the inner mechanisms of a physical phenomenon .
0.

,

~~ 

4 In ortt ~r to ~~ ly (1 ~JH(~fl S I oni~ 1 a ~~ 1 yS is , we (l() need to kJIOW CUDU j h

about the physical phenomenon to identify all the variables that affect

the phenomenon. If a variable tha t af fects the phenomenon is omitted ,

- - . •_ -,_s-_ - 1.a el.
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(,_Th the resulting dimensionless variables obviously cannot be used to accu-

- 
rately model the phenomenon . Once the pertinent variables are selec ted,

- dimensional analysis is used to group the variables into dimensionless

combinati ons of these variab les . Thus, dimensional anal ys i s reduces the

nUmber of var iables that describes a physical phenomenon.

- 

Dimensions and Units

Before proceeding further , the d ifference between units and dimen-

sions must be made clear. Depending on which system of dimensions is

• used , the dimension of a physical variabl e may be expressed in terms of

mass [M]*, leng th (L] , t ime [TI and temperature [0) (mass system); force

4 (F) , length [1), time [T I and temperature (el(force system), etc . It

can be shown tha t the differen t systems are equ i valent.  In this report,

the mass system (sometimes called the MLTO system) will be used exclusively.

~~~ A physica l variable has but one set of dimensions; however , its magnitudes

may be expressed in a number of different units . For example , the dia-

meter of a cylinder has the dimension l ength [LI , but the numerical value

of the diameter may be expressed in a number of different units such as

- 
- millime ters , centimeters , inches , feet, etc. Likewise , shear stres s has

the dimension [ML ’T 2 ) but its numerical values may be expressed in

pounds per square inch , pounds per square foot, newtons per square mu ll-

meter , etc.

Dimensional analysis (a) predicts the number of ind ependent dimen-
f. sionless groups tha t can be formed froiti ~ group of physica l variables

~~~~~~~~~ and (b) provides a systematic means of forming the groups. Dimensional

- 
4 *The symbols for basic dimensions are enclosed in brackets.

hi



______________________________________F.,- 
_____ ______ 

,—, .--- — --‘- - - -

fl 
- analysis does not provide the functional relationship between the dimen-

sionless variables (mathematical model)——this relationship must be

determi ned by some other means , usually from experimental data . If

experimental or other numerical data is ava ilab le , regression analys i s

can be empl oyed to determine an equation relating the dimensionless

variabl es.

Advanta ges of Dimensional Anajysis

The important advantages of dimensional analysis are sununarized

as follows : -

1. The number of variables required to describe a physical phe-

nomenon is reduced . The number of dimensionless variabl es Is given by

Van Driest (11) as:

-
- 

. 
The number of dimens ionless products in a complete —

set i s equal to the total numbe~- of var iables minus
the max imum number of these variables that will not

form a dimensionless product.
I

A rule that is equivalent and easier to apply is given by Langhaar (7):

The number of dimensionless products in a complete set
is equal to the total number of variables minus the
rank of their dimensional matrix. - 

-

In mos t i nstances , the .“maximuiii number of these variables that will

no I form a (I iluens i on I ess procluc I” or the . “rank o I t he i r d imeris lona 1 ma tr ix ”
is just the number of pr imary dimensions required to express the dimen-

sional formulas of the variables involved . For exampl e -, if a physical

~~~~~~ phenomenon is descr ibed by 7 variables and the dimensiona l formulas of

I

• ~~~4& .
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these variables can be expressed using the 3 primary dimensions fM],

(“~ (1], and (Tb then the physical phenomenon will be described by 7-3 • 4

dimensionless variables .
. Corollary advantages resulting from the reduction In the nunter

of variables are:
-

• a. Data requirements are greatly reduced.

b. The fitting of equations to data is facilitated .

c. The resulting mathematical model s are easier to use and to

present.

To illus trate these advantages , consider again a physical phenome—

non that is described by 7 variables . We wish to establish a relation—

shi p (model) that predicts the dependent variable in terms of the 6

independent variables. If we use experimental data to determine the

(u
Ir.~ rela tionshi p by obtaining experimentally a value for the dependent

variable for 5 values of each of the Independent variables , then 56 =

15,625 data points are required . If the results are presented in

graphical form, with each chart representing the dependent variable as

a function of 2 independent var iables , the remaining 4 independent van-

ables being cons tant for that par ti cular char t, then an unwieldy 5~ = 625

charts are required . If the relationship is expressed In equation form,

then an equati on containing 6 independent variabl es must be fitted to the

data. The latter is a formidabl e task since the relations are most often

non-l inear and many different variable transformations must be tried for

each variable in order to obtain an equation that fits the data well.

If dimens ional analysis is used to reduce the number of variables

from 7 to 4 and experimental data is taken for 5 values of each of the

- 1 • ~*
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. 3 independent variables , then only 53 125 data points are required.
- 

- 
. In this case data requirements are reduced by over 99 percent through

the use of dimensional anslysis! Additionally, the results can be
• 

. presented graphically by a set of 5 charts rather than 625. If an

equation Is to be fitted to the data, the equation would contain only

3 Independent variables ; consequently , the equation would be easier to

• obtain and simpler to use than an equation containing 6 independent

- 
variables.

2. A knowl edge of the i nner mechanism of the phenomenon is not
- required. -

the model that results from the utilization of dimensionless

groupings is very general in nature . For example , a part icular va lue

of a dimensionless grouping of 4 variables may result from any one of

an infinite number of combinations of values of the 4 variables . This

- characteristic of dimensional analysis will be discussed In a subsequent

example. -

4. The value of a dimensionless grouping of variables can be varied

- in an experiment by varying the value of only one of the variabl es. The

experiment can therefore be planned so that the value of the dimensionless

grouping is controlled by varying the variable that is most easily and
-. 

- I economically controlled.

5. Dimensionless groupings can be interpreted physically, thus

adding to. the understanding of the phenomenon .

t~.
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Charac ter istics of Dimensiona l An~~ysls • 
- 

- 
.

Some important characteristics of dimensional analysis may be

4 * sununarized as fol lows: -

1. In order to successfully apply dimensiona l analysis , the

phenomenon must be understood wel l enough so that all the variables

• that affect the phenomenon are Identified .

2. All variabl es must be quantifiable.

• 3. Dimensional analysis by itself does not provide a model of
- 

the phenomenon . Information concerning the relationship between the

var iabl es , most often in the form of experimental data , is requ ired.

4. Dimensional analysis does not explain the inner mechanism of

a phenomenon. 
• - -

‘

- !

- 5. The more we know about the phenomenon , the easier the dimen- - -

• 
- 

- 

slonal analysis and curve fitting procedures . 
- 

-

.
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APPLICATION OF DIMENSIONAL ANALYSIS TO A TYPICAL
-

- 

. 

- CASE : SPLINE RELIABILITY PREDICTION

- 

The use of d imensionless  rat ios as a tool in mechanical reli-

abilit y has potential for a wide range of components and systems. For

Illus tration purposes a single component with simplified assumptions

will be used in the following paragraphs. The class of mechanical
- 

• equipment which fails mainly due to wear in constant rotation has a

large number of variabl es suitable for dimensionless grouping and a

method suita ble for one component could be expected to be similar to a

• method suitable for another component. Components in this class include

-~ gears, cams , splines, sprockets , bearings , seals, impel l ers, rollers ,
casters and tires. - 

- 
-

.

Since spl i nes are of special interest in mechanical reliability

. 
studies by the Navy at the present time they were chosen as an example

-
~ to illus trate the method of dimensionl ess ratios . Splines may be classi—

• fled as fixed or working , with tooth types of different geometries (such

as full depth involute , half depth involute, c i rcular , etc.) and possible
failure modes include fatigue , shear f a i l u r e , and fretting corrosion as

wel l as the primary failure mode--wear.

- . Forming the Dimensiojiless Groups

A listin g of the more common independen t factors affecting the

F -~~ wear li fe of splines w ith a specified type of teeth includes: length ,

diame ter , torque, speed , tooth hardness , and mi sal ignment. Other factors

1-
4
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~~~—su~n as contact area , bearing stress, and horsepower transmitted are

~~ dependent upon the above factors and are not Included as variabl es .

In order to be express ib le In equat ion form, a variable must

be quantifiable. The present sta te of knowledge for splines does

not permi t the effect of lubrication on reliability to be quantified.

Similarly, shock loading effects and tooth type- have not been quanti-

fled. It sh~ould be noted that shock loading effects can be quantified;

however, much experimental work would be required and a better solution

would be to have a separate mathematical model for each application

(general type of shock effect). In addition , the best approach Is a

separate mathematical model for each type of non—quantifiable parameter,

I.e. , a different model for each type of l ubrication and tooth type.

Adding a dependent var iable , mean-time-to failure , to the lis t of
six Independent variables gives seven variables. A letter symbol will be

ç 
used for each as follows :

‘ - - 
t -- Torque, inch-pounds

• N -- Speed, revo lutions per minute
• 

• 

9. -- Spline l ength , inches

0 -- Sp ine diameter, inches

B -- Tooth hardness (Brinell hardness , w ith uni ts of
kilograms per square millimeter) *

C .
- U -- Misalignment angle, radians

F —— Mean time to fail ure , hours
* *

Using the p1 theorem (See l~ppendix 1’~) the seven variab les are put

into four dimensionles s groups as follows :

BD~ q
J’~’t~ RI ; —— ;  - -— ; U

• 
.
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Drinell hardness is used because it has a specific set of units .

• (
~

“
~ 

If other values , such as Rockwell C are used , they must be converted to

Brlnell.

To sImplify the frequent use of these four parameters throughout

• 
* 

the example to follow , two new symbols are to be used, namely 0 and •.

0 = 60FN and may be considered as the life of the
spline in tota l revolutions.

1 422BD3
= and may be considered as a “strength—to-

load” ratio; with higher numbers indicating
longer l ife for a given LID ratio and misa-
lingment , a.

• The LID ratio is large for long slender splines and small for short

stubby spl ines. In this case the diameter was taken to be the pitch

• - diameter.
- 

Since F is in hours and N is In revolutions per minute, the con-

(uiIIr~ stant 60 minutes per hour is included to make 0 dimensionless. Similar ly

1422 is included in • to make the units of Brinel l hardness campatibl e

- wi th the units of D and t. 
-

- 

The procedure now is to find the relationship that exists among

the four variables from some existing theory or data . Al though any

one of the four variables may be used as the explicit variable , .we will

-

, 

choose 0 as the most desirable. That is,

V 
0 = f(4), L/D,cz). (1)

‘ . 4

- * In order to find the unknown function in the above equation some

~ spline test data was sought tha t included all the parameters. Some

test data was ava i lable, such as from Southwest Research Institute (12),



but. the values of N, 9., D, and t were the saiiie for all the runs. An

(
‘•‘\ -involute spline design procedure outlined by Raymond J. Drago (13)

includes all the needed variables In chart form to establish the above

functional relationship. It was decided to use this procedure sInce

results would be more complete. A copy of this procedure from tiachine
• Design, February 12, 1976, is included as Appendix B.

Table 1 in Appendix C was constructed by choosing several dif-

ferent values of L while holding all other variables constant to give

different LID values. The second half of the table is constructed to - 
-

give different values of 
~ while holdin g all other variables constant.

Tabl e 2 in Appendix C is a more complete set of data for full

depth involute spl ines taken from the Drago charts.

The quantities in Tables 1 and 2 such as J (geometry factor),

TF (torque factor ) ,  B5 (bearing stress , and KL (life factor) are

explained in Appendix B. Also the numerical values of a In both tables

were obtained by taking the mid-range value from those given in Appen-

dix B for light, moderate , and heavy misalignment.

Establishing the Relationship Among the Dimensionless Variables

Graphical. The curves shown in Figures 1 and 2 show how 0 var ies

- - 
with 4) and LID. When the two curves are compared it is noted that they

are similar if not identical. This implies that the two variables ,9 .4
LID and 4 ,  may be combined into a single dimensionles s variable to reduce

the number of variables to 3 if so desired . This provides ~n cxtra

measure of flexibility in using the di,nens~~ri~eSS variables . Reduction

to 3 variables reducr~ -tn 1 further the amount of test data needed to

es tablish a m~tb~~atica1 life model for a new type of spl ine; but keeping

- 
- - -
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LID as a separa te variable gives the designer a special flexibility

factor for Selecting spline geometry for maximum life . 
•

FIgure 3 Is a set of curves of log 0 vs. log (~t,~f ) 
for different

• values of a. This represents the relationship among the variables

in graphical form. The physical significance of is that It

represents a ratio of tooth hardness to bearing pressure for the par-

ticular spl i ne and its appl ication. -

Regress ion Aj~ jysis. Regression analysis was used to determine

• the exact functiona l relationship for 0 as a function of LID, 4, and

a using the 33 “data ” points previously discussed. Several linear

regression models were investigated . -

The first approach used a stepwise regression technique to pre-

dict 0 wi th the variables LID , 4, a, their squares , and their cross -

products. In stepwise regression , variables are added to the model
(‘‘

~ one at a time until no further improvement can be found . The variable

with the highes t correlation with the dependent variable is added first.

Other variables are chosen on the basis of their ability to produce a

signi ficant F statistic. The F statistic is indicative of the predictive

• power of the model being tested. It also reflects the goodness of the

fit. The higher the F value , the better the model describes the data.

The term significant means that the F value being examined has a very

-
~ small probability (-~.05) of occurring by chance. -

• ~ The stepwise regression procedure yielded a model of the form
2-

~~~ I 0 = a0 + a 1 a + a . For this model R = .26. R indicates the
proportion of the variabi lity in 0 explained (or accounted for) by the

I.
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• current regression model . Since 74% of the variance in 0 was unex-
(“

~ 
plalned by the above model , it was deemed unsatisfactory and another

approach was initiated. -

Figure 3, a plo t of log 0 vs. log (L/D . 4) for each of the

three values of a indicated a strong linear relationshi p. A regres-

sion model 6f the form log 4 = a 0 + a1 log (L/D . 4)) offered support

for this notion as R2 = .81 for the case a = .0005, R2 = .82 for

- a = .0060 and R2 = .93 for a = .0025. 
-

A single model including the contribution of a was then investi-

gated . This model was :
log o = -9.15 + 4.56 log (LID . 4)) - 2.36 log a.

The resulting R2 value was .89. Several other models were investigated ,

but each of the other models had an R2 less than 89%. The above model

was chosen as the best predictor of log 8 since it explains 89% of the

variance in log 0.

Tak ing the antilog of both sides of this model , we have . 

-

0 = 7.08 X i0~~ (LID . 4 ) 4.56 
~~~~

2
~~

36 . (2)

This equation was used to generate 33 predicted val ues of 0 and

- 

- 
comparisons were made with the actual data points. Figure 4 sháws a

comparison ~f the values of 0 predicted by equation (2) vs. the ac tual
p data point values of 0 for the 33 data po ints. Figure 4 along with

the value of R2 = 89Z demons tra tes that MTTF for thi s spl ine case can be
pred icted by developin g a mathematical model using dimensionless groupings.

H. 
- 

It should be pointed out that some of the scatter in the “data~ is

due to the fact that each value of 0 is a result of reading values from

4 charts in sequence so that there can be cons iderable accumula tion of

• 

-



- lu ll 
~~~~ 

.- - I - .  — -—. .. — - • 

. 

..—- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

— 

/ 1.)
-

n 

- 
I;,

lo s !__ II~~ _ _  _ _  _ __ _

lo’ ?J~~~~~~~~~1j 11 .__ 1 .J LLLI~~_ I l I n f f l  I H I I I U  I H H t I I~~~~ 1 , 1 1 W  i H t i u j
‘ ‘ 10’ l0~ 106 io~ lo~ 1o~ 

- 10 10 lOl

- . Observed 0
‘ 4

Figure 4. Co”parison of 0 predicted by equation (2) to
actua l data point values.
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error due to read i ng of the charts. This scatter is not considered

• 
•detriinental to the present study since any actual experimental data

would exhibit scatter due to experimental error , variation in material

properties, etc . Another point of~note is the fact that the Drago

method represents a very elementary mathematic al model and predicted

values may chffer considerably from actual experimenta l values ; there-

fore, the ma thematical model obtained using dimensional analysis and

regression analysis will predict MTTF with an accuracy that is no

better than the accuracy of the data on which it is based , (i.e., the

Drago method). -

.r~ 
- 

j  

. 

*

S 

. 

-

,

0

—h _ _ _ _ _ _ _ _ _ _ _ _ _



1 —. •- -•-.— — —,..~ 
— ----‘-S’S ~~~~~~~~~~~~~~~~~~~~~~ 

- _______

CONCLUSIONS

- 
The preceding example demonstrates that dimensional analysis is

an important tool for use in the prediction of mechani cal reliability and

should be impl emented in all future test programs . Through the use of

dimensionless groupings of var iables , a predicting equation for mean

- time to failure as a function of 1 independent variabl es was fi tted to

33 “data ’t points. The primary advantages of the use of d imensiona l
- 

- 
analys is are:

1. The number of variables in the problem i s reduced , thus
— - reducing data requirements and simplifying the application of regres—

- 
- 

sion analysis.

2. Dimensional analysis can be very useful in planning experi-

j  mental work to get maximum i nformation from a minimum amount of raw

data since only the magnitude of each dime~ision1es s group needs to

have a range of values and every individual variabl e does not need to

be changed . Also , the most important or most influential variables may 
- -

be isolated easier when the variables are in dimensionles s groups. By

~ •~ performing a dimensional analysis before an experiment is planned , the

testing can be done more economically. Since one dimensionless group
-

~ can be varied by varying only- one of the vari ab les in the group , the

experimenter can choose to control or vary the dime nsionless group by
vary ing or controlling the var iables tha t are most easily var ied or

controlled.

I.
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F . 3. A mathematica l model written in the form of dimensionlöss
groups of var iab les  for a specific design or type of i tem can be more

- 
readily adapted to a new design of the item. For example , it Is likely 

-

that a correlation for involute spl ines could be revised for circular

spl ines in an easier manner if the correlation -Is- in the form of dimen-

sionless groups of variabl es .

In addition, the use of dimensional analysis allows prediction of

- - 
reliability for certain operating conditions for which data is unavail-

able~ For examp le , suppose in the process of designI~g a spl ine that is
- 

- 

- 

to operate at a speed of 4000 rpm, we find tha t the da ta is ava ilab le

; 
only for a speed of 2000 rpm. If a predicting equation in dimensionless

form -is fitted to the 2000 rpm data, then, In the absence of 4000 rpm
data , the predicting equation can be used to predict reliability of
splines at 4000 rpm .
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RECOMtIENDATIONS FOR FUTURE WORK

1. There are strong indications that dimensional analysis could

be used in developing improved methods of accelerated testing. Further
- 

‘
~ wor k should be done to determine the feasibility of using dimensionless

va riables to relate the results of accelerated testing to actual use

conditions. -

• 2. The appl i cability of dimensional analysis to the prediction

of the reliability of variety of mechanical components should be investi-

gated . Such an investigation would include further work on the prediction

-

~ 
- 

of reliabil ity for spl ines as wel l as devices such as gears, pumps , etc.

- It is expected that such an i nvestigation would provide i nput for plan-

ning and analysis of current and future mechanica l reliability test

programs . 
-
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APPENDIX A
- f l.

- Determination of Dimensionless Variables
- 

for Spl ine Example -

We wish to form a complete set of dimensionless variables for

-the case of full-de pth involute splines as discussed in the section

Forming the Dimensionless Groups. The method outlined In Reference (7)
s
will be used. The pertinent variables along with their dimensions

are :

Variable Symbol - Dimension
Mean Time to Failure F (T]

Speed N 
- 

[T ’]

• Torque t (M12 T 2 )

Length £ - EL]
- Diameter . - D . (1)

Hardness • B [ML~~T2]
- 

Angular Misalignment a Dimensionless

Since the misalignment is already dimensionless, we will deal with the

f irst 6 variables only. Any dimensionless -grouping of these 6 variables

will be of the form:

It = Fa ~1b 
~ ~d 0e 8f

where N represents a dimensionles s group (sometimes called a “pi—term ”)
t’ ~ The values of the exponents a , b, c, etc., will be determined such that

• we have a complete set of dimensionless variables formed from the 6

variables . The dimension equation for It is

- -
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(M]° (1]° (1)0 = [1]à (T~~]
b (f-IL’ 1 2

]C (L)d (L)e (~L~
I T ’)~.

The above equation may also be written as

(M] ° (L]0 [T)° = (~1]c+f (L]2C e-f (1]a~b~2c~2f .

therefore, we can write the following 3 equations :

c+f = 0

2c+d+e-f = 0

a-b-2c-2f = 0

The ma trix of the coefficients of the 6 unknown In the above equation is:

0 - 0  1 0 0 1 -

0 0 2 1 1 -l

The rank of the abo:e matrix 1s 3; th:refor:, th:

2

number of p1-terms to

be formed from the 6 variables is 6 - 3 = 3.

Noting that we have 3 equations and 6 unknowns, we must choose
• values for 3 of the unknowns and solve for the remaining 3 in deter-

mining each pi-term . For the first p1-term, we choose a = I (Ibis insures

that F will appear in I1~), c = d = 0. The 3 simultaneous equations now

become: 
-

- f = 0
* 4

c - 1 = O

1-b —2f = 0

The solution of this set of equations yields f = 0, e 0, b = 1 so that

• .~~~~~~~
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II, = F ’ N ’ t 0 
~ fl 0

It~ = FN -

We want the dependent variabl e, F, to appear in one p1-term only;

therefore , in determining if2, we let a = 0. We also . l’et c = 0, d 1.

The set of equations becomes : -

f 0
p

l + e - f = 0

b - 2 f = 0, -

- the solut ion of wh ich is f = 0, b = 0, e = -1. - Therefore , - 

-

112 = t/D • 

-

- - Finally, let a = d = 0, f = 1 so that the set of equations becomes

~~~ c + 1 = 0

2c + e - 1 = 0

- -b - 2 c - 2 = 0  
-

The above set of equations has the solution c = -1 , e = 3 , b = 0,

- yielding

113 = F° N° t ’ t ° D3 B t -

• St
S BD3 -

These 3 p1-terms alon g with ~ which is already diniensionles s are a coin-

plete set of 4 dimensionless variables fornied from the variables pertinent

to the spl ine case:

.

~~~~~~~

_ _‘5 _
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• 111 = F N  

- -

(
‘:‘

~ 
112 = t /D -

•

.. - 
ll3 =~~ --

. 

I1,, cg 
. - 

-

The above dimensionles s variables fonn a complete set because

~ ach dimensionless variable in the set is independent of the others in -

the sense that no dimens ionless variabl e in the set is a product of

powers of the other dimensionless variable. Although innum erable other

dimensionl ess variab les can be formed, any other dimensionless variable

is a product of powers of the dimensionless variabl es in the set.

Obviously, there is an infini te number of complete sets of dimen- •

sionless variables other than the set developed above. Selection of

the best complete set depends on the way in which the model is to be

used and the experience of the engineer. Any knowledge available con-
- 

cerning the phenomenon enhances the ability of the engineer to select

the best complete set.
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APPENDIX 13

‘ Rating the Load Capacity of
Much work has been done to standardize For most decigits, t h is  approximation introduces a

spline geometries, but little has been maximum ctri,r of less hUn
— - . . flefore getting into a discussion of liq~v to use

done to standardize load-capacity 
~~ ci~azis , it is important to understand how

ratings. Thus, spline performance is splines work . h o w  they fail, and how various
difficult to predict with conventional processes help prt.h~ng life. 1 Isis understanding

design procedures. Now, with a new set load fat-hors (K ., and K,,) easier to -

of charts, service life can be
determined quickly. Typos of Sphno Joinis

~t~iierally j~Im_~e_ ynnts fall into two categories:

PM MONI) J I)RAGO f~~~ lfld ~ orking In i or~~ist’ ’j
~Tnt hc n~ [Th1, 

-

. - members arc free hu move relative to each other.
Senior Engineer •

Boeing Verto l Co. But in a fixed joint . boils ends of the sp line are $ 
-

I ’hitculelp li ia Pa. 
clamped and piloted to !~~

‘e
~

t relative motion. In
addition, m any intermediate (semiw.srkiiig or semi-

INVOLUTE SPlI NtS connect rotating parts in applica- fixed) spline joints are possible. For examp le, a
, ions as diverse as heI~coptcr rotors and machine- ~pliiie with loose pilots at each end or with 0-rings

tool gearhoxcs. But too often , each application uses to retain, a grease pack , while not fully f ,xcd, can-
its ott n ~p&c, m l decq n Ihcrc c ~er~ little Iitcrituie not bc considered fully v.orkinr either becauss.
on hots to dettrnnsie ~hc imiieicinnj r’ sbsIiiy o f  a rcht.ve motion is rcctrs~ted to stime degree

~piine imong difk rent op. r st int onditinns — A ~ oi king s~)lim_ gentr-~Ily jO ins t~%o itide
As a result , a new sp hine application must be pendently su pported shafts that sn:sy also be sligh t.

analyzed in depth to determine how long a parhicu. ly offset axia lly (from tolerance buildups) - ‘I his t”pe
I ir des ,n~ ult hst or converse ly whn h d sign best of splimu. sccominod,Ies the offc t C 1511% witb~ut
fits the funUion it requhiuntuts Now ~uth ~ ne~-ly excessi %e loss in b uci lrnd c~p’i thy I “~ed cphnes
dc~cloped %ct ~ _ t~i’~i~,u _clnrts i ‘pline ~in be tiny -ilso jio n ind& p ndcntly supported shifts but
cht ked gun kly to dctc rtnmiie sic life under spccsfu. 

— tin. sb-ills must lie slim ed more ILluritels Most
operating conditions. Or, the pi~r(orinancc i-equirC~ 

(requesitly. however , fixed splnn-s mount precision
meiuts can be used to find a splinc design that will gears to shafts , particularly in high-load, high-speed.

• - - 
(
~~t i~~ the desired life . lightweight applications.

The charts are based on equations comthon to h isually. - the surface load - 
capacity of a fixed

thi~~industries that use mvoliite s1~hne.~. 1 hey reprc. spline is considerably higher than that of a working -
icmit “avcraj;e ” npeiat m r  c’mdil ions, and they apply ~l~!~LC:. In a w’ king si,tine. relative motion between
to alino’;t any spiine :ipl,Iioa t  ~‘ 

- m a t  hug suil.u es inmiures a high wear rate , even at
t In, ~

,r i use ía. -hors 1 1 , 1 ,  insh I. r in sisl ,,.~ olesimn a i-c ucl i t i vi.ly low brat i mig st l c51i5’$. Hut in a l ix  cii ji ii ut

4 ~~
- flit ••niis~ri’ss ,vs ’ (~ ;i~~i l~u ~, hi~ ui np) ~t i ~~ _c mul test ui(it’tl tii ’ it ii iii t e~’iilt c in a low we~sr sa t e , making

thi.~ shi ar (tooth) stress S.. ‘I lie equations for these surface fatigue t Ime isrianary failure mode,
stresses are

-- i2T/DHI/NLII) (K_) ~~~~~~~~ ~~~~~~~~~

f <S ,IC,/K ICT

r 

— ‘ Spline join ts “fait ’ in any number of (lifferent
S, ~ (21 /7 ’) ( l/DNI.t )  (K ,) ways , h ilt many failure modes (such as Fretting coi • -

* • ~~~~~~~~~ ‘ ‘ rission) cannot be ;mat zed disec ily Fortunately,
_________ ‘I hese elluatlons (with N, If , anti I converted to 1’hsy~ic;il f;uilures cats be analyied. aini they arc -

~~~~~~~ - functions of dmatmu ’ t r;il 1’ itch, ) ;irr t h e  basis fur th e generally tltvpdi’*l into four -lasces . iwo classes ,
- - - tlt’sign thai Is presemited bet r. 1 he oniy app i-oxima- shaft sheat- (torsional shear failure of t h e  ~lialt

urns inv’.Ived its tIn, eli-i, Is is i i i  h ut - use of ‘ lirim- section inisier the si’Iine te et h ) and bursting of an
inal” tooth thic kness in the shear stress equation, internal spline (lron~ radial and centrifugal loads)

‘‘“ M,rrn .’r fl, ,-’--
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~nvoIute SpUnes -

are primarily shalt related and are not treated 
- 

-

here because tlu~y do not occur often. - -
- Working SpUme1 he other two tooths-related failure modes are

ninth more common. ilmese modes arc tooth shear - - -(ictu’sl she us tism off of s toot hs projection Ii otis the 
— 

—

‘ i~ 1t) intl surf ice distress of (lie teeth (from wi ir ,

— 
or surface fati gue) . In the shear mode, a sphinc 

4~~
_
~~~

’—’
~~~~ 

- ;  ~~~~~~~~
immedi-itely ceiscc to trincinit po~ er while in the )
wear mode it degrades gradually before complete - ~- - ;  - .:.::-~~ .. 

- -  
- -

- failure. Wear failure can only be detected during - ‘~~-‘T~~~’~~ 
-

- - 
-

periodic inspection -

Surface distress is by far the most common fail- in a working sphine joint, the mating parts arenrc nsncle encountered in spline jousts. lists failure free to move relative to cacti other This type
tisay take the form of wear (material rensoved from of spiine usually connects two independently sup-
mating sutfaces) or spa lhing of mating surfaces ported shafts thiat also may be slightly offset
from fatigue. Frequently, over a long period of time, axially, It accommodates the offset with little

* these two types of failure combine, with fat igue loss in load bearing capacity. Wear is the pre - -

resulting from a worn sur face. On the other hand, dominant failure mode~
depending on sphine configuration, the joint may
“wear-rn” to remove a potential failure zone. I here , Fixed SpUn,
highly loaded local areas caused by Isighi spots,
slight misalignment , or toot hs index errors mitay - 

-

ssear to rctse~e (he ho-s d m d  distribute it over a
larger area , thus prolonging life. 

~~~~~~~~~~~ 
:
- 

- ,: s -
One of the most sq nific,nt factors causing wear

in a spline joint is mmsllit,nmcnt which causes high ~beiring stresses -it the cont-act points Norm-s h y 
ç

~ it ii ‘a x~eli iii i,ned shift s~ear cm he prevented 
~

‘ 
( ,. — ,~~ ,

b~ lengthening m spline to reduce bearing _stress 
— 

“
~~
‘
~~

“ /

t hus lo%%cring wc ir rite Ilo%%evcr if veir us csuced —
by excessive misali gnment , lengthening (lie sphinc -

-: . is not likely to i eduo:c s~’ear rate. Better solutions - . . .  - -
- A fixed spUme loint restr icts relative motion be-are to reduce lengths and increase diameter or per- - ---1 - tween mating pads. Th is type of sp Um e usually —Isaps crown (lie teet h iii t h e  external member. Of mounts precision gears to shafts in high-load, h~ t~-

course, t he best solution is to eliminate j is isahign- speed, lichtweirht appl ications. Wear combined
- - misent altogether: however , tUs k lix may tint hn! vra~ wit h surface fatigue is the primamy failure mode.

— ‘‘
, t ica I from a do~ - i i~s sI a ndpm dot (Its., in isa lign me mit

os ay In’ thu’ %‘ vm V :( ‘ ;m~n, is ~s-lsy tin, ~plimmi ’ ~i ai’anl) — 
—______________________

~~~ 

-~~~~ (;eist~t-~illy, tln’iighi , ii ,,m mhu , i: m ti t i . i t  mor ,:ul i gnium.iit j~;
inlien ut its lie ai m i~lieal iou , :m .-r’,w,wtl sistine, a
largc-clia issctc r sl iort-leiigtls splim’. OF a more coin— to accnmnmclate the tssisnsatrh between the tiriving

— 
-
~~ j iliratcd c oupling should be custom desi&tned for and (li-ivemi issembers. lint c huu i il shafts are (hillicult

- 
• t h e application, to) luh,rit-atc and position. And, if mis,iligntsseis( is - -One way to ouve rco isse slight misalignment (liar— large, a signiticaiit bessd itsg nniinenl may lie applied -

ticii larl9 its highs speed , highs -load , precision ,:e,ir— to t h e  quill shriFt, so it hm’lmvt’s somewhat like a
boxes) u ses a “mjij jl~.. si

~~l~ Lietween t h e  di-iving ;iisd rotating fati gue-test specinsen. Crowned teeth add
,‘

~~~
‘
\ driven sh u ts , ltasio’alt y, a quill shaft is ass extr a to the inisalgnment capability of a oiiuul l shalt , es-

~~ sha lt - ~ptiiu’d at hut hi ends , t hat floats hiet~vcc mi pecially in 1*1gb-speed , h,igls.ioad applications in
- -

~~
-
~~ the’ ot her two shall s. 1 Isis (ro e-floating capability airt- raft - -

- 

;
~:~

‘
~: ~: 

sh ift to self ilign to some dcgtee Shear failure, as a pm ins ny mode is relatixcly
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rare in most sphine .sppli.’nt ’snns, ‘ibis failure si’~tmihy CouIin~ s and Sur lace Trcalmen l -

twrnrs :mc a r.eroiul:iry t aiciok al hem - lie tee Ii hat-u,
worn ~~~~~~~~ I bin or ac a result cml set’i’ e te~’et - Wear is olfrim c-a muse d liv p’sor luhirirat 1mm ~,-‘nie-

• load or nispat-t 
- 

lrrsdi mig. I however , shear c;’ms 1w a I h u e s , despil e u s e  roost elaborate iuihiricat is ii i sys-
( ~ - primaiy ososdo in a splits.’ joint subjected to severe t ern , u s e  only way ho piovent wear is to apply a -

impact loiathiisg liii (nig hinh it its life. In I h i s  case , coating or ~uiif:sr~ t iout incist .
- - — shear analysis should be em phasized becau se t he  ‘I he mii.sst eoisum ss on coat logs am e ~olt ones hike

~phine mss uv fail iii sh ear before it has a ch ance to black oxide, ph osph ate , ny lon, silver, and copper , 
-

- wear in. ‘l lwretcsn’, even t hou gh shear may trnt be and various haunt coat inr,s such as flame or plasma- -
a determining factor in t he  design of a sphirsc jou st , sprayed materials. ‘rise soft coatings aid initial

~hcar stresses should always be checked as a matter wear~in and also Iuil,ricatc the surface with a pliant - -
of course. f iltus durimig operation. Tise lsaul c’sat iisfls approach

Ihe wear prr’l)lem linu s 11w opposite ~nd of (lie -
spectrum: that is. t hey  produec a surface that re-
sists wear by virlue of extreme ha~dncss.

ruII-Depth vs. H&f-Depth Teeth r
foils h u h  and half deotha ~t*lin~% can he analyzed Wit h to prevent wcarancLdamp.the sphinc jo int,. ‘11w coat-tin-se char ms Most ~plines in uce are hatl-do-pth he- ing, a few t)snus-’inclthc of ass iuicii t ls i(-k . is applied -

cau se they have a number of adva ntug,e~ os-c r full-depth - -
— ~plincs. } irst , because toot h lwi g’,ht generally detnnuiuws to t hse cultu re splmtse surface (generally on (lie cx’

t he amnuist of h-iu-kup nuiter ill required behimsil mt ~ lermia l member) - UsualI~-, to a llow room for t h e
tveth, the half-depth ~ptinc provides a more co meact . thickness of t h e  uwloms arsd still prov ide proper fit ,
and ~hten ligh ter, overall d~s ij~n. Second, the relatively the cut siPe of the sphine m ust he reduced. The-high teeth on a limIt-depth sphimn- 

- ~re somewhat more ot her coatings ,‘sre tlsi ,s enough (on the order ofSenSitive to niisaligtiment. In idditson to th~sc opera - - - - -
tn-nil considerations, sos -c raP manufacturing meth od s, a low thousandths of an inch) so that no modifica-
such as bro.ieiuing or roll Forming, are easier to perform tion is required. —

on the smaller halt-do’pths ~ptin~ Icttbs . Other olteniatives to improve spline load capac ity
In sp it c of these conci~t~rationc , fulI-dc~th ~phines hive imir lude case harclenitig processes such as carhiz- -shout double the surface (bearing) hn~d c,inacity ~ rizing and nitrichinr. ihese processes generally pro- -

tqwvalcnt half-depth ~p1,nc~. In app licat ions where
this lncrcased capacity is ~~t’uh~ci, it Is worth th~ effort duce a very hard (R5 58 to 64) tt- ear res istant
ho overcome the inherent dk~sdvintages of tho full, surface. tlnfo rtumm iatel y. t hey also increase the cost

- 
m fl depth design. A t~picai apphicat inis for (sil l-depth sphines of the parts tec ~use sjwcial operations arc nc~dcd -

- 

- 
- is on the romnr shifts of some large helicopters; joints to control or correct heat treattuent distortions.that are goncr.-s hly fixed sri Ihit other var(abt~c cats be

controlled. Another a s~piication is in highs-speed , “gear” __________________________________________________________________________

couplings that use full-dept h (often crowned) teeth to
Connect rotat ing shafts , -

The standard prescmi re angle her half-depth splinec Is
30’. The pressure angle of tuhl-oleptli sphin~~ cnnsmonly - 

-

is 20’, however, it somct im~s must he varied ac cording EXAMPto th~ particular dcsir,n to avoid pointed teet h . The
-
~~~~ - 

drawing shows the dif f rr~nces in tooth size and bearing rrnhlcm I~ Cont td~r a fix~4, half-dept h sphine trans-
area bclwceii ruth anti huih1-d~;uthi sptin.-s. ‘use addenthuin mitttng torq u e T 1.000 Ph-in, and operat ing under light
ci -, FuhI-.lcpthm spiin~ rquuj ls I / I ’d , while that of a half- shock and mnisahl gnnsent (less than 0 flOi In /in ). Thedepths splrn~ e~uahs I/f ’s, where Pd - -  itiansetral Pitch  ~phine is snide of AISI 9- itO race ca rbmiri7e ’J stee l with(ritto of niumhuer of tee t h to pitch (hhuimlete r) - mu d Pa sa surface hardn~s~ of R GO to GE Dimensions are I. --5 “shub” pitch (?Pd), The g’ itch of a spUrn’ commonly is 030 in. rind 1) 0.75 in. h ind (lie bearing and •helr -givois as a rat Io (16 /32 , 20 /-tO . m d  ~o on) w ilts the flu stresses sort t he projected ti le,
men tor being Ihuc diametral pitch and the denominator I. On Chart I, at I. = 030 In. and 0 0.75 in. findbeing the s t ub  pitch . 3 (15.

Full-Dcptlu Hail-Depths 2. On Chart  2 (hilf -de pmhi hsr,’mri ng st ress plots. light
Sphlne Toolhi Spllne Tooth flui5.1li~Pitneflt) , At 7 (15, (int l IC 9.5 for hearIng

(20’ I’ressurn Amuqln-) (30 l’r~s~urn Anglo) ciii’c~. 
- .j - 

~

,  3, (iu~ ( h,,t t 2 ( t h e .. , ci, u- -,s ~tlot s, huu;hi t niur-i l garsuent),

~ I at 3 (1 5, (intl K ‘ G O  b r  shear stre ss .
S - -  -—I. & Calculate S,1 (1000) 95) 9 500 pcI.

-~~~ 
/ I / 5. Calculate S,, (1000) (6,15) fL000 psi.

- — 

LO’t1 b~lt u’i 

/ 
,7’~’\ 

- 

~~~~,: ~~~~ 
-------.

,. 

6. 
SI ock) l R f O  i b i d ~ieei, find be~r fn ~, .i — - 

~~

— 
~~~~~~~~~~~~ / st rcsi life f acto r IC, 1 30.

/ 7. On Chart 311, fo r ,5,~ 6,000 htSI , K h O , ii uul
o l die It, GO camhunrised steel, fluid shcar st rCss lIf e factor

- 
- - -~~ d.S,etI~~ -- — 

- 
IC, ~— 0.125.

__ 
‘ - 

~~~~~~~~~
_ / €. On CI5MI 4 , At K~ 

-
~~ 1 .30 fnr a fixed ‘pflne, f ind

J / h*.sring stress lufo 7,-I X 10’ revolutIons .
\ —~1 ~~~~~ ~~~ I / 9. On Chart -t again , at K, = 0.125, find shear stress
\ \ htath t tu-’ed / hile

~•, ~~ / tO. h’robahle life Is 7.4 )( lO~ revolution,,
1,-m e (,r(~e 

/
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Autm oatighu surt ;ue-hia, dened h arts have a high st’car lubricates amid reisuo~’cs svrar particles , thus reduc—
• life, they may pt’ m for t h poorl y if ti nt iiua.le a( - ( - th rat e— nug Wea t’ . —

‘ ly. I iuo se parts t in min I “wear-in” very well ans i iusay Am so t hui ’ r meth od of huiht rication tls:i( hiss he~mi
deshin.y tlu’ issselvec if vat - lu tooth does not u-a r m -y ti set i wills somiut ’ success (lIre(’tc oil dnw,u the center
its sh are of the it’ad . Ott smaller splines, lapping of a hollow shaft In rad ial ln’ks in th e spline_ IIue

* 
- 

is an inexpensive amid ofte n elft’.:tive way to finish nil flows by centrifugal Inn-c throug~lu 11w’ sp h im se
— 

hardened surfaces. ‘l huis process sunproves t hs~ fiu uis ht auud omit I huttum ig h i r ’ xt et  mu ,tl i trt - t er ing b u t ’ s .  ‘l’lic ho les
and corrects minor errors at considerably lower sh ould be large etsottgls In Prevent clogging yet
cost than grinding , small enough to “flood” t h e  tonthi area. ‘Ihsis method
LubrIcat ion is an effective iuueahis of cooling and lubricatitig

t he joint au -t I flush ing out slmidgc_
flecause sphincs are often outside an enclosure , Coatings am i d htib r ic ;u nl s generall y work its eon-

a pressurized oil system may mat be available to cct-t , For cxansple, black oxide emilsanees t he oil
lubricate the j iukit. ‘Ihicre lore , grease is a n-mon retcntinn or oiliness of sphiuse tee th, and silver
spline Itibricant. Generally, t he sphine joi nt is p1.-ste acts like run ex tueme pressure film during
pac ked full tmf grease arid a retentiom s methiod de— hrezilc’in and operation. In so use cases , host-ever ,
vised so that t h e  grease does not centrifuge out htibric~itioti is stsperfltmn us, as with some forms of
of the joint , nylon enatiuigs (these coatings operate best when

0mw drawback to grease lubrication is that wear unlubricated).
particles are trapped in the grease. Alter a time,
t he mixture becomes abrasive and issay accele rate Rating Spline Load and Life
wear. For this reason, grease lubricated svorking

• sphines shmuld be rcgreascd periodically, and the Wit h this basic understanding of the factors that
old grease (and wear particles) purged rallier than affect spline life , flue use of the design ch arts for
merely replenished . One exception to  tlui~ rule is rabing load and life will lie mim i-c clear , The chart s
thse case of a full y locked or fixed sphine. If relative ~~~~~~~~~~~~~~~~~~~~ two cas es. First , i(~~ph i n e
mutton us severLly i t  st i icted t h e  inmti it grease iii ttt rtal genuiuurv and operltumsg cnndutions ,me.~pack may last for hundreds or even thousands known, the hu,ad capacity arid potential life of the

- of hours. joint can be de~et~siincd, Second, if the des ired
II the sphine is intet-nah and the gearbox is oil life , loading cotutlit iorus , and material arc known, -

lubricated, the jo its t may be lubricated buy oil splash t he geomctry cams be Found.
‘ : or direct oil jet . In either case , the oil flow both ‘Twu ‘ factors must be determined before the

Chart 1 — Geometry Factor

~~~ ~~~~~~~~~~~~~~~~~~ 
~~~~~~~~~ *~~~_>~~ ~~~~~~~~~~~ ~: ~~~~~~~~~~~~~~ ~~~~~~~~~

~~~~~ ~~~~~~~~ ~~~~~~~~~~ :‘ ~~~
- -~~~~

--~~~~
‘- .. 

- ‘~~~) 
‘ - ~~~~~- ~~~~~ -~~~~~- -

‘ 4  
1 -‘ 

~~~~~~~~~

— ‘-.--

— ~~
‘ - 

‘“ 
~~~~~~~~~~~ ~ - ‘-~z~ ~~

—.~~~
--- ~~ ~~

— 
~~~~~ ~~

-
~~~~

“-

/ t )

O 2 : ~~L L . 1~~~~
1’  

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

—~~



F__i 
—.- - --- -

~~
---

~

- ____,,- - ~~~~~ - —-_-- - - - - —~~ 
-

• 
- -

nisalys ic rams begin: I lie load chist ribtut m u m  fact o r  I(~, ‘I he Iiriie.’thutrr when inatl and life uusuist he dc—
intl tin sat  ~rlmrucl f lu b r  Is I’~ ic ‘t fum mn toni of 11mm ’ 1 rmu i t tmi ml (i-otis mum ute ri ii intl 

~~‘ 
,ur,eIt ~ mc

nocaligunicuit present in ti re j oint , Since tn isah i gmm ’ I. ( ‘luau 1 1: I iimul gi’tauio’I ‘ y (actor .1 at known
mcmii can lmavn a sigtiiuit ’ant effect (in the ln;id pitch tliaimii’ter 1) and letsgthi 1..
capacity , care sh ould be ta kems to choose as u-eis listic 2, Chart 2: On 11w proper ct irve (rolatim ug mis-
a value as possible for IC,,,. ‘l’ypiralhy, for highut mis’ alignment , stres s , anti cpfine design) , find
alignrncust (0.000 to 0.001 in /in.) , K,, 10; for torque factor 1< at known J and knosvn (or

• 
- 

moderate misalignment (0,001 to 0M04 in / mum. ) , ect itnnted) K ,,,.
1<,,, 2.0; and for heavy misalignment (0.004 to 3. C;slcuh:ite allowable hearing s tress S,~ and at-
0.OOR in./in.) , K ,,, 1.0, bow ahut e shear stress ~S, m Irons S TK.

-The aett ua l peak loath applied to a sp h ine may lie 4. Charts 3A and 311: Find two life factors IC ,,
considerably h i gher t hm ama blue stead~~statc desigm i at k:inwts values of S,~ anti S,~ for (he given
load. Factor K, ad just s the load rating It) account muat erial.
for any shoc k loads on time driven and driving n-em- 5. Chart 4: At known values of K ,, Fluid the
hers. Typical values for K~ are listed in the table projected spliuse life, Use lower life as pro-
near Chart 3. - - jection.

- -

Problem 2: Consider a splinc made of 300 flhti steel 6. On thn rt 2 (half-d epth he-mrlng si res~ plots , n3cdlum
‘ tb -it must transmit a torque T 5,000 lb-In. under con- m;sahigumnme nt) , at K 0.21, find J = 0.108 for bear-

diulons of unoctc rate shock and m isa lignment. Required lug stuesS . -
- life Is 10’ revolutIons, Determin e the sph ino dimensions 7. On Chant 2 (sh”ar sIres; pints, medium nuisati gn-

for this application. mcumt , at K l imo, (Intl J = O RO for shear stress.
I. On Chart 4 , at life 10’ rpvo lmttin nq , f ind IC, 0.3 8. SInce J f o r bea ning s t r Css  Is lower than 3 for shear

• 
- for shear str es s and K, 0,9 for hearing tires,, stress , beanluig Stress is the more important fatter.

2. On chart 3A . at K, 0.9, 300 Olin steel , And K, = Therefore , nny ~nnibInati~n - of L and 1) that meet,
1.5 (mod erate shock) , find S,~ = 1,700 psi. along t h e  3 = 0.105 line on Chart I will satIsfy the

- - 3. On Chart 30, at K, 0.3, 300 Bhn steel, and K, = stres s intl life requirements. The choice of L and
I - 

• 1.5 , find S,~ 9,000 psi. . D should he based on t he available space, keepIng
4. Calcuta me bearing stress torque factor K 1700/ Ratio L/1~ as small as prActicable. For example ,

8000 0,2!. e 3~6 in, diameter splint. ebout 1,0 In. tong will
5. Calculate sh ear stress torque factor IC = 8000/8000 do the job here,

= 1.00. -

I.- -~~w

Chart 2 — Torque Factor ~~
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For uhet eru ssi n iuug geometr y fro us i desired life and Nomenclature 
__________—

• - 

- material, f t i t ~ liroredure is: f) .Sp !ftue pu t1 Ii tfu,usmu , in. 
-—

• 
- I - Chart ‘I: At du -cit  s~4 life . (lint hitt~ factor K,. II iu tu , t t m l ’ u’ uci ut . in

2. Charts 3A and 311: At known K,, find allow- K, h uts’ I,sm.ltmq’
- - - 

- K l.tuul d Ict , lb UImo fl factor
- able bearing and sbu,’ar stresses S~ and 

~~
, - K ()vi’ rln.stl fac to,o 3, Cakul;ute a torque (actor K fo r hmo t hs h,ear— K~ Spt i use t~-p e f ,,r inr

• lug auuil sh ear stress (rn-is K SIT. ‘ .Splinta Ie,,i:Ila, if i ,
4. Ch art 2: On tim e rcit’v iuumt curves , at known K N Numube, of t eeth

and known (or estimn ’uted) K,,, f immd a reom- S, = Compressive (surface bearing) Str ess , psi
• ‘ 

- 
‘ ‘ .5 = Ail nw almlc bearing stress , psietu ’y factor J for both bearing an(l shear stress. = ~~~~ fI nuflh) stress , psi -- 5. Chart I: Use t h e  smaller J (rem Step 4 ti) (h id S = AIinas’ j bla , shc~ r smress, psi

length s I. and pitch d,;mmehcr I) . T iin ‘ mm mc , lb-in.
- flot hs pthccdurcs dctt’rminc the hearing stress attd ititOlm mlmii knc~s. in. 

—

- (hue sh ear stress , Ge,wrailv , hearing stress limits
-
~ long-term life while shear stress limits the impact

or shock load capacity. 0

Chart 3A — Bearing Stress Life Factor
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How Overload - Chart 3B — Shear Stress Life Factor
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